Patients suffering from stroke need to undergo a standard and intensive rehabilitation 8 therapy. The rehabilitation training consists of three sequential stages; the first stage is controlled 9 joint movement under external actuator, the second stage deals with supporting the movements by 10 providing assistive force and the last stage provides variety and difficulty to exercises. Most of the 11 exoskeletons developed so far for rehabilitation are restricted to a particular type of activity. 12 Although a few exoskeletons incorporate different modes of rehabilitation, those are software 13 controlled requiring sensory data acquisition and complex control architecture. To bridge this gap, a 14 portable elbow exoskeleton has been developed for delivering three stages of rehabilitation in a 15 single structure without affecting the range of motion and safety features. Use of electric motor and 16 springs have been arranged in the actuation mechanism to minimise the energy consumption. The 17 developed exoskeleton enhances torque to weight ratio compared to existing models and all three 18 modes of rehabilitation have been controlled using a single motor. 19 20
Introduction
Present statistics shows that there are about 33 million stroke survivors worldwide [1] . The annual 24 health and social costs of caring for disabled stroke patients are estimated to be in excess of £5 25 billion in the UK alone [2] . To reduce the burden of manual therapy which includes unavailability of 26 sufficient number of caregivers and intensity of exercises, exoskeleton based rehabilitation has 27 become a promising alternative [3] . However, the majority of developed exoskeletons can provide 28 only a specific type of exercise [4] . A few standard rehabilitation processes are followed from acute 29 stage to full recovery stage after stroke [5], [6], [7] . All these stages are used to regain the controlled 30 muscle movement by reducing spasticity and involuntary movement. After analysing the function 31 and treatment procedure of each stage, these can be categorized into three distinct stages as shown in 32 Fig. 1 . These are actuator based joint control, supportive force and resistive force. 35 If exercise is performed in transverse plane using exoskeleton, patients only need to overcome the 36 frictional force of the exoskeleton structure. If the same exercise is performed in sagittal plane, the 37 2 exoskeleton requires higher joint torque to carry out the load against gravity; size of the actuator as 38 well as the actuation system needs to be effective to obtain the required torque. The range of 39 movement is improved if exercises were performed in gravity compensated training environment [8] . 40 Postural stability is achieved by active holding of the body segment against external force [9] . 41 Even after three decades of research, no standard solution has been presented for the design of 42 exoskeleton to provide the best rehabilitation therapy [10] . Most of the exoskeletons have focused on 43 design aspect which includes portability and user-friendliness but failing on providing the standard 44 rehabilitation training. Two essential factors can be considered for the design of exoskeletons; one is 45 its mechanical design and other is the rehabilitation therapy. 46 The quality of rehabilitation therapy using exoskeleton can be improved by introducing three stages 47 of rehabilitation in a single structure which can possibly be accomplished in two ways; one is the 48 hardware-based solution and the other is software approach. In software approach [11], actuator used 49 in the exoskeleton can provide three stages of therapy using adaptive control algorithms. In order to 50 execute patient-oriented exercises using external actuators, electric motors are normally placed at the 51 joint of most exoskeletons [12] . Here different bio-sensors attached to user send signals to the 52 control system about the patient's intention and the motors provide assistive or resistive torque to the 53 affected joint as per the signal received from biosensors (EMG, EEG). Because of the reliance on 54 biosignals, those systems are inoperable without sensors. Movement based on EMG data extraction 55 from stroke patients is difficult because of abnormal EMG-torque relationship [13] . The adaptive 56 control algorithm used in exoskeleton results in constant draining of energy for controlling the 57 variable joint torque and active range of motion. Also, the adaptive control system always takes over 58 the control by making patients inactive which indirectly reduces their activities during training [14] , 59 therefore diminishes the rehabilitation effectiveness. Joint-based actuation system also requires 60 higher torque compared to the designs where joint is remotely controlled. To carry out the exercises 61 with higher load, size and weight of the motor are also increased [15] and so is the cost. As a result, 62 most of the electric motor controlled exoskeletons are ground-based system [16] . In the former case, 63 human joint is always under motor control which might not be ideal from safety point of view. If the 64 joint moves beyond the anatomical range, it may cause injury. Looking at these limitations, a 65 hardware-based solution may provide viable option for user acceptance. 66 Integration of multistage rehabilitation can be achieved using active and passive components in the 67 mechanism which can reduce the complexity of the control system. For example, a system can use 68 an electromagnetic clutch/brake for shifting from one rehabilitation mode to another though it will 69 drain energy and create unwanted noise during switching. Passive actuation systems use elastic 70 elements such as spring or rubber band which can provide the required joint torque for reducing the 71 gravity force during elbow movement. Such spring-based exoskeletons [17],[18] do not need any 72 energy source to actuate but these systems can only provide assistive force to users. The back-73 drivable motor in combination with a series elastic actuator [19] is also able to provide both types of 74 rehabilitation, however if the back-drivability is too low, the gearbox can be damaged due to sudden 75 external force. Compliant mechanism [20] can provide variable stiffness to the joint however, it can 76 only generate resistive force. 77 Hence it is quite challenging to integrate all types of exercise in a single exoskeleton because 78 exercises involved in the three stages after stroke are totally different in nature. In acute stage, 79 patients require fixed contact to human arm because they have no power left to move their arm but in 80 rest of the recovery stages, exoskeleton needs a compliant contact to allow them to carry out the 81 exercises themselves. The aim of this paper is to create an innovative joint mechanism for the 82 exoskeleton to achieve both these properties without any extra burden to system or risk to the users. 83 The novelty of the developed exoskeleton can be described as: 84 • The developed exoskeleton delivers all modes of exercises (external force, assistive and resistive) 85 required for three stages of rehabilitation in a single structure. 86 • The exoskeleton mechanism generates variable assistive as well as resistive force without using 87 any complex control algorithms. 88 • Electric motor is used to control the joint whereas in rest of the two modes, joint motions are 89 supported by stiffness of the springs for providing assistive or resistive force. 90 • Spring stiffness is used for the switching mechanism to shift between rehabilitation modes, 91 therefore, no brakes or clutches are required making it an energy efficient mechanism. 92 • The switching mechanism supports safety of the users mechanically since joint control is 93 transferred from motor to user when the elbow joint goes beyond the permissible limit. 94 • To achieve all this a single motor has been used in the whole exoskeleton design. 95 96 2. Design description 97 The exoskeleton has been conceptualized as a mechanism where the whole operating region is 98 divided into three sub-regions to provide specific exercises as shown in Fig 133 In the first region, the electric motor controls the joint movement without any active participation 134 from the user. The actuation system has been designed based on a leadscrew in combination with a 135 slider-crank mechanism ( Fig. 4) . Motion from the motor is transferred to the leadscrew through 136 reduction gears. Slider-crank mechanism converts the linear motion of leadscrew into elbow joint 137 rotation. The leadscrew and slider crank mechanism are not directly coupled to each other. There are 138 two loads to overcome; one of which acts as a nut that translates in both directions on the screw and 139 the other slider moves over the leadscrew concentrically without being placed on the leadscrew. In 140 the first region (0<x≤x 1 ), a spring (S 6 ) actuates the locking mechanism that keeps both sliders in 141 contact as a single unit until the elbow joint rotates to its maximum anatomical limit (0-130 o ). 146 In the locking mechanism, two claw-type jaws are connected to the nut slider in the form of a four-147 bar mechanism ( Fig. 5(a) , Locked condition). The locking condition remains enforced until the two 148 compression springs S 5 and S 6 clash with each other due to the backward movement of the nut slider. 149 As soon as the nut slider crosses the switching position (x>x 1 ), switching takes place. Because of the 150 higher stiffness, the force exerted by S 5 is greater than S 6 , thus a small displacement of S 5 causes a 151 large displacement in S 6 . As a result, S 6 will be compressed by the resultant force and both jaws will 152 rotate about a fixed point to free those sliders (see the unlocked condition, Fig. 5(b) ). However, 153 forward movement of the nut slider beyond the switching point will restore the locking mechanism 154 again. The ratio of the stiffness of S 5 and S 6 has been determined in a way that the switching region 155 becomes as small as possible. maximum assistive force at the joint using S 2 . Therefore, further pressure from the nut slider will put 192 S 7 and S 8 beyond their limit and RP 1 and RP 2 are deflected to come out from the range of nut slider. 193 Because of the stiffness property of S 1 , SL 1 will come to its initial position with all its arrangement. 216 In the first region, the motor torque required to actuate the elbow joint is equivalent to the torque 217 needed to overcome the frictional force created between the leadscrew and the nut slider. Due to the 218 slider-crank mechanism, the elbow joint is actuated by pulling the connecting link ( Fig. 8 ). P is effort applied to the screw to lift the load. Taking the force equilibrium (Fig. 8) , 232 We have, cos = 1 cos + sin + The function of S 1 is to restore the position of the front-end of S 2 at the end of the assistive force 255 region, therefore, the stiffness of S 1 needs to be high enough to overcome the frictional force 256 between SL 1 (along with the all other components connected to it) and CR 1 , see Fig. 10 . Spring force of S 2 is mainly responsible for assisting the elbow movement in the second region ( Fig.   270 11). In the exoskeleton, S 2 will be extended for sharing the required torque used to rotate the joint 271 against gravity. 272 273 Figure 11 . Force balancing in the assistive force mode (second region) 274 As linear bearings are used at the sliding contact between the concentric slider and leadscrew, the 275 frictional force during motion is considered negligible compared to the elbow actuation force and is 276 not taken into account. 277 The assistive force provided by S 2 is 2 = 2 ( 2 − ′ 2 ) (12) 278 Where K 2 -Stiffness of S 2 , x s2 -Displacement of S 2 , x' s2 -Free length of S 2 . 279 Pulling force (T) along the connecting link is same as it is shown during the electric motor control. 280 Therefore, the value of T is taken from Eq. (2). The only difference is that S 2 is taking the load 281 instead of the motor. 282 Therefore, by equilibrating forces in Fig. 11 , the stiffness of S 2 becomes 283 2 = 1 cos β sin α cos( − )( 2 − ′ 2 ) (13) 284 The displacement range of S 2 can be increased by pushing the nut slider backward towards the 285 baseplate, thus providing more assistive force. 286 287
Electric motor based joint control (first region)

Torque analysis for motor control
Stiffness of S 3 and S 4 288
The stiffness of S 3 and S 4 are used for changing the joint stiffness providing the resistive force ( Fig.   289 12). The elbow joint stiffness is dependent on three springs (S 2 , S 3 and S 4 ). However, the spring 290 parameters of S 2 are constant during the resistive force control, only the displacement of S 3 and S 4 is 291 changed to create a variable joint stiffness at the elbow joint. After calculating the value of x s6, x s5 and putting in Eq. (20), we get relationship between K 5 and K 6 .
342
The spring (S 6 ) associated with the lock will experience a higher and opposite force from S 5 . After 343 opening of the lock, S 6 cannot be compressed further due to the mechanical constraint thus 344 exhibiting a constant force for the rest of the motion. However, due to the movement of nut slider in 345 backward direction, S 5 will be further compressed with a higher spring force which helps to maintain 346 the unlocked condition during rest of the range as shown Fig. 15 . After putting the value of λ (taken from Eq. (24)), the value of K 7 will be, 372
Based on the above design considerations, a functional prototype has been developed to establish the 374 working principle of the exoskeleton. All mechanical components have been manufactured using 3D 375 printer. The prototype of the elbow exoskeleton is shown in Fig. 17 along with its specifications. All 376 the sliding contacts have been developed with bearing to reduce the frictional loss during motion. 377 The prototype performs as per the requirements of the three stages of rehabilitation. 
Conclusions
383
An innovative mechanism of the elbow exoskeleton has been developed which can accommodate 384 three modes of rehabilitation for different stages after stroke. In this design, we have attempted to 385 achieve the multistage post-stroke rehabilitation at mechanical level so that the device can be fine- During the assistive and resistive modes only the spring force is used without engaging any active 395 actuator therefore the energy source is only used during the motor operation. The switching 396 mechanism safeguards users by restricting the reachable joint angle to the anatomical limit during 397 motor control mode. If the nut sliver goes up to the end of first rehabilitation region due to motor 398 rotation, the lock will be actived till the joint takes its maximum anatomical limit. Position of the nut 399 slider beyond the switching point will automatically open the lock, releasing the joint control from 400 motor and transfer it to the user, therefore providing safety and functionality at the same time. 401 
